A vertical seismic profiling (VSP) method was developed to produce compressional (p-wave) velocity sections in a 3-D survey volume, down to a maximum depth of 57 m. The VSP method consisted of a multilevel hydrophone tool deployed down several wells. Multiple offset surface shotpoints were recorded at multiple azimuths around each well head, using an impact source.
Introduction
surface waves and refracted waves. This meant that a surface seismic technique was unsuitable for imaging the upper half of the first 60 m of subsurface, which was the zone of interest.
Based on these 1994 2-D test survey results, giving an indication of required station spacings and expected resolution, quotes were requested for a shallow 3-D surface reflection survey over a 250 m square patch at the LLNL Site. Quotes between $150,000 and $500,000 were returned. These costs were based on station spacings between 1 m to 3 m, and data processing turn-around times of over a month. Insufficient funding was available at that time to carry out a 3-D survey. This demonstrated the relatively high cost of shallow surface reflection imaging in a highly heterogeneous environment.
The inability to image reflection horizons above a minimum depth is a common problem for the surface CMP method. This problem is principally due to coherent shot generated surface wave noise at early record times. Surface waves in the form of direct waves, air waves, ground roll, and reverberating refractions usually have far higher amplitudes than reflected waves. One must be very careful when using the common mid point (CMP) stacking technique that these surface waves do not stack-in and masquerade as reflection horizons (Steeples, et al., 1997) . A partial solution to this problem is to shorten receiver spacings (as the authors did in the 1994 test survey at LLNL) to prevent spatial aliasing of the coherent surface wave noise, and use velocity filtering to attenuate direct waves, air waves and ground roll. However, this still leaves refracted waves because their moveout characteristics are too similar to those of reflection waves at near offsets.
Seismic resolution
Another issue of importance, to be considered when using any seismic wavefield imaging method at the LLNL site, is the potential resolution. The desired resolution was based on lateral correlation lengths as low as 6 m, with layer thicknesses of 1 m, or less. Consequently, using the 1/4 wavelength resolution criterion, seismic wavelengths of less than 4 m would be needed to image both the top and bottom of layers.
In 1994, the authors conducted a VSP survey at a well near the north-west corner of the LLNL site, where the water table was at about 10 m. Fig. 3(b) is a spectral plot of the direct p-waves received by downhole hydrophones in this well (W-452) . A useful (less than 25 dB down from peak amplitude) bandwidth of nearly 500 Hz was available, with a dominant frequency of about 240 Hz for the direct p-waves. An 8-gauge Betsy Gun source was used. Using a measured sub-water-table velocity of 1850 m/s gave a dominant wavelength of about 6.6 m. In 1996, the authors conducted a VSP survey at a well within the same area as the VSP survey reported here, and found the dominant frequency to be about 105 Hz for p-wave signals below the water table (Fig. 3(c) ). The calculated dominant wavelength was about 17 m. The water table depth at that time was 21.5 m. Two years later, the VSP data for this study was collected in the same area, but the water table had dropped to a depth of 25 m. The dominant frequency had dropped to about 60 Hz ( Fig. 3(d) ), giving an average wavelength of about 31 m. The same type of weight drop (Bison E.W.G.) source was used in both surveys. For comparison, in 1994 the authors conducted a VSP survey at another site (Milligan et al, 1997) where the water table depth was only about 3 m, and obtained a dominant frequency of about 550 Hz (Fig. 3(a) ), using a hammer-on-plate source. Although different sources were used for these VSP surveys, the downhole receivers were hydrophones in all cases. It was clear that the useful bandwidth, and hence resolution, decreased non-linearly with increasing vadose layer thickness. The water table depth of 25 m, prevalent for the VSP survey reported here, resulted in a best possible wavefield imaging resolution of about 8 m, which was not considered good enough for reflection imaging. Instead, the direct wave travel-time picks were inverted to generate interval p-wave velocities. The vertical resolution for this method was about 0.5 m near the well, which was equivalent to the hydrophone level spacing.
VSP data acquisition
A multi-well and multi-offset VSP survey geometry was used to record the data. A suitable area for the survey was selected in the northeast quadrant of the site (Fig. 1) . Six wells were available, within 20 m to 30m of each other, and all about 60 m deep. Surface elevation differences were less than 1.5 m at this site. The surface source was a Bison Instruments EWG weight drop machine. Multiple shot records at each shotpoint were summed (stacked) to increase signal-to-noise. The number of stacks varied between three for the close offsets, and six for the far offsets.
The downhole receivers consisted of a 48 level hydrophone string, with 0.5 m spacing, and total active length of 23.5 m. Because a hydrophone transducer must be immersed in fluid to be acoustically coupled, the string had to be deployed below the water table, which resulted in the most shallow receiver depth being 25m. Note that it would have been possible to record hydrophone VSP data above the water table if a packing device had been used to block off the screened (perforated) section of casing, and if the well had been filled to the top with water.
However, a packing device was not available at the time.
The 48 level hydrophone string is an inexpensive multi-level borehole tool when compared with a single level downhole geophone clamping tool. Deployment is quick and easy, with less chance of a downhole mishap due to clamping device failure, and 48 channels were recorded simultaneously without having to repeat the same shot points. This reduced acquisition time considerably, and typically over 8000 data traces were recorded per day.
Tube wave attenuation
Tube wave noise is the main problem with downhole hydrophones as compared with downhole geophones. Tube waves are generated in the borehole fluid when incident body waves encounter elastic property changes in the rocks surrounding the borehole. In addition to these tubewave sources, cross-sectional area changes in the borehole fluid column also act as tube wave source locations (Hardage, 1981 (Hardage, , 1983 . The most notable of these are the free surface at the top of the fluid column, and the stiff borehole base. Other cross-sectional area changes can occur elsewhere along the borehole (like caliper changes, wash-outs, or insertion of a downhole tool). Once body wave seismic energy becomes coupled with the fluid at a tube wave source location, then two guided (Stoneley) waves are created, both upgoing and downgoing (Hardage, 1981 (Hardage, , 1983 , consisting of circular fluid motion in the radial and axial directions. Hydrophones are most sensitive to the radial component, whereas a clamped vertical geophone is most sensitive to the axial component. Clamping of the geophone to the well casing helps isolate it from the axial component.
Two steps were required to attenuate the coherent tube wave noise from the data. The first step was a modification of the hydrophone string, and the second step was in the data processing. To help attenuate and slow down tube wave energy along the hydrophone string, a system of baffles was developed and deployed between each hydrophone element (Milligan et al., 1997) . It was observed that the baffles attenuated the radial tube wave component by about a factor of ten, and because these baffles represent a partially saturated effective media, the tube wave velocity slowed down by a factor of about five. Both attenuation and velocity reduction of the tube waves enabled them to be wavefield separated in the data processing stages.
The data processing step for tube wave separation consisted of zero-phase bandpass filtering (16-50-120-180 Hz trapezoid window), trace amplitude equalization, and FK filtering to subtract wavefields with velocities less than 600 m/s. This was followed by another trace equalization to restore amplitudes of events previously dominated by the subtracted tube waves. Fig.   6 (a) shows a raw common shot trace gather from well W-1250 at azimuth 304° and offset 15 m. Two prior pieces of information were required to initiate the velocity inversion: the water image could only be attained below the highest level receiver, i.e., there was no vertical resolution in the vadose zone, or within the first layer above the top receiver. Often several picking and inversion iterations were performed to arrive at a geologically reasonable model, usually due to FB pick inaccuracies. It was estimated that picking errors resulted in velocity inversion inaccuracies of up to ± 20%, which was sufficient for distinguishing between saturated sand (2100 m/s) and mud and clay (1600 m/s) layers.
Inversion Results
Of the more than 20 p-wave interval velocity sections generated by the inversion method, only a small subset is included here to show some general features. Fig. 8 shows three of these sections. The most notable feature in all velocity sections are one or more low-velocity zones below the water table. Velocities as low as 500 m/s were encountered in some zones below the water table, and partial saturation of pore spaces would be the best way to explain p-wave velocities this low (Mavko and Mukerji, 1995) . The velocity sections do not extend to the well casings at zero offset, because of the hydrophone's insensitivity to vertical waves. Hydrophones exhibit a vertical dipole-like antenna pattern when employed in a vertical borehole because of their maximum sensitivity to horizontal waves (Rector and Lazaratos, 1994) . However, vertically orientated geophones in a vertical borehole would exhibit maximum sensitivity in the vertical direction.
All the 2-D velocity sections were combined into a 3-D data set. Fig. 9 shows one view of the 3-D data set projected into the survey volume. Viewing of this projection from different angles and at different magnifications helped to correlate between low-velocity zones and the existing hydrogeology interpretations. The first 22 m of vadose zone coverage was removed to facilitate viewing features below the water table, and so the upper low velocity zone (in red) that is common to all velocity sections in Fig. 9 is the lower part of the vadose zone. Note that projection of 2-D velocity sections into 3-D space does not imply that a full 3-D inversion has been computed, i.e., some of the direct wave paths that were used in the inversion may have been from out of the vertical plane into which they were projected. A full 3-D inversion, using 3-D raytracing, would be required to solve for interval velocities at the correct 3-D position.
Interpretation
There were two predominant low velocity zones (less than 1200 m/s) unevenly distributed throughout the survey volume below the water table (25 m depth). The lower zone appeared as a layer less than a meter thick in most places, and it correlated to a silty-sand unit in the well logs; this lower layer varied in depth between 37 m and 40 m in HSU3b, and usually appeared to be perched on top HSU4, a main aquifer consisting of fully saturated sand-gravel, with velocities greater than 1900 m/s. Pinch-outs of this lower low-velocity layer appeared to correlate with both the existing isopach interpretation of HSU4 (from well logs), and with pinch-outs of the higher velocity aquifer underneath. This was not always the case, as indicated in Fig. 8(b) , which shows the apparent merging of two low velocity zones, without any high velocity layer underneath. The upper low velocity layer had a higher variability in thickness, sometimes appearing to almost merge with the vadose zone (see Fig. 8(c) ), and it was perched on top of another aquifer unit (in HSU3a). The aquifers in both HSU4 and HSU3a were being pumped for water treatment from several nearby wells, with a combined pump rate of over 100 gallons per minute.
The perching of these low-velocity layers on top of aquifers from which water was being pumped was a major discovery. An explanation for the decrease in p-wave velocity (down to 500 m/s) is a partial saturation of the pore spaces, i.e.: gas must be present. Small micro bubbles of gas were noticeable in water samples taken from the aquifer in HSU4, i.e., the water samples "fizzed" when reduced to atmospheric pressure. Gas analysis of these water samples indicated that atmospheric air, aged by about 13 years (by the tritium half-life method), was the probable gas source. The typical age of gas samples collected from outside the zone of pumping influence was 24 years. It was also found that the gas was present in super-saturated concentrations that would require at least 2 atmospheres (above 1 atmosphere) of pressure to keep it in solution, i.e., to prevent bubble formation. Super-saturation by gas is not uncommon in aquifers, and sometimes up to 5 atmospheres of pressure (above 1 atmosphere) is required to prevent dissolution. A possible explanation for this super-saturation state would be the rapid sinking of gas-water mixtures at re-charge zones.
It is probable that high pumping rates from these two aquifer units (HSU3a and HSU4) have caused significant pressure drops in the hydraulically conductive sand-gravel layers near the pump wells. The natural water table depth in the VSP survey area was about 19 m, before pumping began several years ago. But at the time of this survey the water table depth had dropped to 25 m. Considering the pressure head in the HSU4 aquifer at 40 m depth, these water table measurements gave pressures of about 2.1 atmospheres before pumping, and about 1.5 atmospheres at the time of the survey, i.e., low enough to allow gas dissolution and bubble formation.
However (as disclosed earlier), the low velocity zones did not appear in the hydraulically conductive parts of the aquifer, but perched on top in silty-sand units. There are two possible hydrological models to explain this. The first would be the formation of micro-bubbles in the hydraulically conductive parts of aquifers, by water that has entered the depressed water table zone, and these bubbles have floated to the top, passed into the silty-sand layer above, and have accumulated there in high enough concentrations to become seismicly detectable. The second would be depressurization of water in the silty-sand layer above, and accumulation of bubbles due to the relatively low hydraulic conductivity of silty-sand compared to the sand-gravel aquifer below. But it was beyond the scope of this study to investigate the validity of either model, as both would probably require comprehensive finite-difference or finite-element hydrological modelling.
Conclusions
The multi-well, multi-offset VSP method yielded interval velocity data between wells in areas that log information could not cover. Ground truth connections could be made between well logs and the mapped velocity images, increasing confidence for interpreting the surrounding sedimentary structures. The resolution obtained in the velocity images was better than the estimated average correlation length (6 m) of the heterogeneous sedimentary structures, and this was mainly due to the close (0.5 m) downhole hydrophone spacing, and close (2 m) surface shot point spacing. The pre-existence of many wells at the LLNL Livermore Site made the VSP method a suitable choice for geophysical site characterization. The VSP method also had the additional advantage of being able to image structures up to more shallow depths than a surface seismic reflection method could. The VSP method used was cost effective in both acquisition time and the amount of equipment used. Data processing was minimal, and turn around time for velocity inversion was short when compared to the time required for surface seismic reflection data processing.
It appeared that several low velocity layers (less than 1200 m/s) could be directly linked to aquifer pump extraction, and this opened up a number of possible uses for mapping these partially saturated layers: (1) as tracers to map out the aquifer boundaries; (2) to give the areal extent of which parts of an aquifer are being influenced by pumping activity; (3) monitoring this area over time to see if it is expanding or contracting; (4) saving money by not having to drill another well and install pumping equipment, if an area containing an aquifer already shows a large low velocity layer above it to indicate adequate pump flow rates into existing pump wells. 
